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Available online 15 March 2016Scanning electron microscopy (SEM) is a powerful tool used to investigate object surfaces and has been widely
applied in bothmaterial science and biology.With respect to the study ofmalaria, SEM revealed that erythrocytes
infectedwith Plasmodium falciparum, a human parasite, display ‘knob-like’ structures on their surface comprising
parasitized proteins. However, detailed methodology for SEM studies of malaria parasites is lacking in the liter-
ature making such studies challenging. Here, we provide a step-by-step guide to preparing Plasmodium-infected
erythrocytes from two mouse strains for SEM analysis with minimal structural deterioration. We tested three
species of murine malaria parasites, P. berghei, P. yoelii, and P. chabaudi, as well as non-parasitized human eryth-
rocytes and P. falciparum-infected erythrocytes for comparisons. Our data demonstrated that the surface struc-
tures of parasitized erythrocytes between the three species of murine parasites in the two different strains of
micewere indistinguishable and no surface alterationswere observed in P. falciparum-erythrocytes. Our SEM ob-
servations contribute towards an understanding of the molecular mechanisms of parasite maturation in the
erythrocyte cytoplasm and, along with future studies using our detailed methodology, may help to gain insight
into the clinical phenomena of human malaria.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Plasmodium falciparum1. Background
Malaria is an infectious disease caused by parasitic protozoan of the
genus Plasmodium, which invade erythrocytes. Infected erythrocytes
undergo a variety of cellular alterations. For example, Plasmodium
falciparum-infected erythrocytes display anemia [1], and changes in
the erythrocyte membrane that affect cell adhesion properties [2–4],
the cytoskeletal structure [5], lipid-protein interactions [6], and
hemichrome attachment [7], along with accelerated band 3 clustering
[7] and hemozoin formation [8,9]. These changes are mainly caused by
the expression of parasitized proteins intracellularly in erythrocytes,
and alterations on the erythrocyte surface can lead to evasion of para-
sites from anti-oxidation by heme after hemoglobin is digested by the
parasites. Parasitized proteins of P. falciparum affect not only intracellu-
lar erythrocyte structures but also surface structures on erythrocytes,
known as Knob proteins. Knob is an interconnected protein complex
predominantly comprising PfEMP-1, KAHRP, and PfEMP-3. This interac-
tionwith the knob protein complex leads to adhesion of infected eryth-
rocytes to capillary blood vessels of the brain and the induction of
cerebral malaria.a).
land Ltd. This is an open access articlMalaria has been reported not only in humans but also in primates
[10,11], rodents [12–14], avian species [15,16], and reptiles [17–19].
“Knob-like” structures have been observed on the surfaces of Plasmodi-
um fragile and Plasmodium coatneyi-infected erythrocytes, species of
Plasmodium responsible for malaria in monkeys [20–22]. However,
there is little information regarding the relationship between altered
surface structures on parasitized-erythrocytes and (clinical) symptoms
in different host animals.
Rodent malaria protozoa, Plasmodium berghei, Plasmodium yoelii,
and Plasmodium chabaudi, have been studied as humanmalaria models.
However, the genes encoding PfEMP-1 and KAHRP are not present in
these three species of parasites, with the closest homolog being
PfEMP-3 (PlasmoDB) in P. yoelii, which may encode a partial or full-
length protein. Balb/cCrS1c (BALB/c) and C57 BL/6NCrS1c (C57BL/6)
mice are well establishedmodels formalaria parasite infection. Howev-
er, these mouse species have distinct immune systems and may there-
fore respond differently to malarial parasites. Thus, it is important to
investigate theproperties of parasitized erythrocytes in different combi-
nations of parasite and host animal as comparative studies.
Scanning electronmicroscope (SEM) is a powerful tool for the obser-
vation of surface structures with high spatial resolution. This technique
enabled the discovery that P. falciparum-infected erythrocytes display
altered surface structures [23,24], which was found to be due toe under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Apparatus required for sample preparation for SEM observation. The size of the slidewas adjusted to ﬁt the basket and beaker (A). The sample area wasmarkedwith pen on a glass
microslide (B). Erythrocytes in bufferwere spread onto the slide. A higher concentration of erythrocyteswas preferable, as shown, rather than using erythrocytesﬁxed in 2%GA (C). A size-
adjustedpaperﬁlterwas placed in the basket (D), then the dehydrated samplewasplacedon top. The closed basketwas immediatelyplaced into ethanol/isoamyl acetate. The temperature
of the equipment was set 10 °C below room temperature, and the basket was placed into the chamber (E). A sample holder for the glass sample is shown (F). Carbon tapewas required to
ﬁx the sample holder and the glass sample in place (G, H). The sample was sputtered using Pt-Pd; 15 mV for 60 s was sufﬁcient for our sample (I).
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protein interactions at the erythrocyte membrane. Electron microscopy
imaging has long been used in various scientiﬁc ﬁelds and more recent
studies therefore only describe simpliﬁed material preparation
methods. The intricacies of sample preparation procedures required to
replicate experiments are often overlooked.
2. Objectives
To provide a comprehensive step-by-step description of the sample
preparation procedure for SEM imaging to clearly visualize the mor-
phology of suspended cells of non-parasitized and parasitized erythro-
cytes. In addition, to compare the erythrocyte surface topography in
two different host mouse models (C57BL/6 and BALB/c) infected withthree different species of malaria parasites (P. yoelii, P. berghei, and
P. chabaudi).
3. Methods
3.1. Sample preparation for SEM
(1) Non-parasitized or parasitized erythrocytes (6–12 μL)were ﬁxed
with 1–4% paraformaldehyde (PFA) in 0.1 mol/L HEPES buffer
(pH 7.4) (1 mL), which had been ﬁltered through a 0.22 μm-
bottle top ﬁlter (Corning, NY, USA), and were immediately
mixed by vortexing for 5min. In our experience, loss of structural
integrity is often observedwhen PFA is used alone at a concentra-
tion of 4%. Fixationwith 2% PFA and/or 1–2% glutaraldehyde (GA)
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croscopy sample preparations; we therefore employed 2% PFA
in this study and did not observe morphological evidence of
structural damage. The concentration of PFA should be optimized
for different materials and experimental conditions.
(2) Samples were immediately placed on ice for 5 min, then
vortexed for 5 min. This step was repeated for at least 1 h, with
optimal ﬁxation occurring after 2 h. The cooling and vortexing
steps can be extended to 10–15 min.
(3) Samples were washed with 0.1 mol/L HEPES buffer (pH 7.4) at
least three times after ﬁxation.
(4) At this stage, samples could be stored for up to 1 month at 4 °C.
(5) An MAS-coated glass microslide (S9441; Matsunami Glass Ind.,
Ltd., Kishiwada, Osaka, Japan) was cut to size using a diamond
cutter (Fig. 1A). The sample areawasmarkedwith Liquid Blocker
(Daido Sangyo Co., Ltd., Tokyo, Japan) (Fig. 1B), and the size of
the glass was adjusted to ﬁt the basket.
(6) After cutting, the glass was placed into a 100 mL beaker and the
erythrocyte solution was spread onto the marked area on the
glass (Fig. 1C).
(7) The glass was incubated for 10 min at room temperature for im-
mobilization of the cells.
(8) The glass was then washed with phosphate buffer (pH 7.4,
0.1 mol/L) three times.
(9) The samples were further ﬁxed with 2% osmium tetroxide
(Nisshin EM Co., Tokyo, Japan) in phosphate-buffered saline
(pH 7.4, 0.2 mol/L) (1:1 vol/vol) for 30–60 min at room temper-
ature (ﬁnal osmium concentration: 1%), then dehydrated with
70% ethanol.Fig. 2. SEM imaging data of non-parasitized erythrocytes o(10) After aspirating the 70% ethanol, 80% ethanol was added to the
samples for 10–20 min, followed by repeated dehydration steps
with increasing concentrations of ethanol (90%, 95%, and ﬁnally
100% twice).
(11) The samples were then soaked in 100% ethanol and isoamyl ace-
tate mixture (1:1 vol/vol) (Wako, Osaka, Japan).
(12) A size-adjusted paper ﬁlterwas placed in the basket and the glass
sample was placed on the paper (Fig. 1D). The basket was closed
and placed in ethanol/isoamyl acetate to avoid drying of the sam-
ple surface.
(13) The sample basket was placed into the chamber of a critical point
dryer HCP-2 (Dryer HCP-2, Hitachi Koki Co., Ltd., Tokyo, Japan).
Excess isoamyl acetate was then washed out with liquid CO2
three times. Then, liquid CO2 (60–80%) was infused into the
chamber and samples were incubated for 20 min at 20 °C to
allow the isoamyl acetate to diffuse (Fig. 1E).
(14) The temperature was raised to 40 °C for 5 min, then the liquid
CO2 was leaked and the sample was dried at the critical point
temperature for ~20 min.
(15) The basket/sample wasmounted on a sample holder, which was
then covered with carbon tape (Fig. 1F, G).
(16) The sample was sputtered using an Ion Sputter (E-1030, Hitachi,
Ltd., Tokyo, Japan) with the Pt-Pd at 15 mV for 60 s (Fig. 1H, I).
(17) Sample observations were performed using an S-4300 scanning
electron microscope (Hitachi High-Technologies Corporation,
Tokyo, Japan).f C57BL/6 (A, B) and BALB/c (C, D) mice. Bar = 1.0 μm.
Fig. 4. SEM imaging of P. yoelii, P. berghei, and P. chabaudi-infected erythrocytes in BALB/c mice. The existence and localization of parasites is clearly shown in the ring and trophozoite/
schizont stage. Bar = 1.0 μm.
Fig. 3. SEM imaging of P. yoelii-, P. berghei-, and P. chabaudi-infected erythrocytes in C57BL/6 mice. Bar = 1.0 μm.
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Fig. 5. Non-parasitized and P. falciparum-infected human erythrocytes. A smooth surface topography was observed with the non-parasitized erythrocytes (A), compared with a raised
‘knob-like’ structure on the P. falciparum-infected human erythrocyte membrane (B). Bar = 1.0 μm.
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4.1. Comparison of three species of murine parasitized erythrocytes in two
different strains of mice and P. falciparum infected-erythrocytes by SEM
SEM imaging successfully demonstrated the characteristic topogra-
phy of the murine parasitized-erythrocyte surface with high resolution.
SEM images of non-parasitized erythrocytes from C57BL/6 (A, B) and
BALB/c (C, D) mice are shown in Fig. 2. A smooth surface membrane
was observed with no signiﬁcant differences between erythrocytes
from the two mouse strains.
Fig. 3 shows C57BL/6 erythrocytes. Images A–D show P. yoelii-
infected erythrocytes, images E–H show P. berghei-infected erythro-
cytes, and images I–L show P. chabaudi-infected erythrocytes. There
were no knob or ‘knob-like’ structures observed on the surface of the
erythrocytes in the ring-trophozoite-schizont stages in the three differ-
ent parasites. Different sizes of internal parasiteswere observed accord-
ing to the growth of the parasites. Fig. 4 shows BALB/c mouse
erythrocytes. The ring stage of the parasitized erythrocytes is shown
in images A, B, E, F, I, and J. The trophozoite/schizont stages of parasit-
ized erythrocytes are shown in images C, D, G, H, K, and L. In the case
of BALB/c mice, we did not observe any raised structures, such as
those resembling knob or ‘knob-like’ structures, on the erythrocyte
membranes.We observed increases in parasite size in host erythrocytes
infected with P. yoelii, P. berghei, and P. yoelii, as seen in C57BL/6 mice.
These SEM imaging results clearly differed from those obtained with
P. falciparum-infected erythrocytes (Fig. 5B), which displayed a knob
structure.
In P. yoelii, PfEMP-3 (PlasmoDB) encodes a partial or full-length pro-
tein, which distinguishes it from P. berghei and P. chabaudi. However,
none of these three species displayed a Knob structure on infected
erythrocytes (Figs. 3 and 4), consistent with the fact that all three spe-
cies lack PfEMP-1, a member of the var.multiple family. When compar-
ing C57BL/6 with BALB/c mouse erythrocytes infected with the same
parasites (Figs. 3 and 4), no signiﬁcant differences were observed on
the erythrocyte surfaces. Differences identiﬁed between the immune
systems of these mice do not therefore appear to directly affect parasit-
ized protein expression and localization.
Mousemalaria has been widely studied as a model of humanmalar-
ial infection. However, themousemalaria-infected erythrocytes used in
this study did not display knob structures known to mediate adhesion
to endothelial cells. This raises the question of how mouse malaria-
parasitized erythrocytes may be applicable for a human malaria
model, especially for P. falciparum infection. Hecht et al. reported, in
C57BL/6 mice, age-dependent collateral vasculature and cerebrovascu-
lar remodeling resulting in stroke [25]. These age-dependent effectsmay also play a part in themousemalaria model since a greater inﬂam-
matory reaction was observed after invasion of erythrocytes in older
mice than in younger mice. This inﬂammatory reaction induced a cy-
tokine storm reducing parasitemia in mice and the surviving
parasitized-erythrocytes sequestered in the lung and liver evading
the bloodstream. Similar ﬁndings were reported by Waisberg et al.
[26] and are probably applicable to not only C57BL/6 mice but also
BALB/c mice and other strains. In summary, we report that knob-
less P. berghei, P. yoelii, and P. chabaudi-infected erythrocytes do
not mediate infraction in (capillary) blood vessels, and may not
cause brain infarction. However, we believe that the mouse model
of malaria can provide important insight into mechanisms to evade
cerebral malaria that could be potentially adapted for human thera-
peutic beneﬁt.4.2. Sample correction and isolation of parasitized erythrocytes
The host animals used in this studywere 6–8-week-old female Balb/
cCrS1c (BALB/c) and C57 BL/6NCrS1c (C57BL/6)mice (Japan SLC, Hama-
matsu, Shizuoka, Japan). All animal procedures were approved by the
Animal Ethics Committee of Jichi Medical University, Japan. Both strains
of mice were infected with P. berghei, P. yoelii, and P. chabaudi. After
mice had been bitten by a malaria-infected mosquito (Anopheles
stephensi), blood that included nonparasitized- and parasitized-
erythrocytes (=phase zero) were collected from the mice.
Human erythrocytes (O+ blood type) for P. falciparum culture (3D7)
were obtained from the Japanese Red Cross Society (authorization num-
ber: 25J-0045). P. falciparum culture was performed as described in our
previous study [27]. Brieﬂy, non-parasitized erythrocytes were washed
three timeswith incomplete RPMImedium [RPMI 1640 (Invitrogen Life
Technologies, Grand Island, NY, USA) medium containing 0.367 μmol/L
hypoxanthine (Sigma, St. Louis, MO, USA), 25 μmol/L sodium bicarbon-
ate (Invitrogen), 25 μmol/L HEPES (Sigma), and 10 μg/mL gentamicin
(Invitrogen)]. At this stage, non-parasitized erythrocytes could be
stored at 50% hematocrit (Ht) in incomplete RPMI 1640 for 1–2 weeks
at 4 °C until use. For P. falciparum parasite culture, the erythrocyte sus-
pension was adjusted to 3% hematocrit (Ht) in complete RPMI [incom-
plete RPMI 1640 plus 10 mg/mL AlbuMAX® II Lipid-Rich BSA
(Invitrogen Life Technologies)] and incubated in an atmosphere of 90%
N2/5% CO2/5% O2 at 37 °C.
The non-parasitized erythrocytes/ring stage and the trophozoite/
schizont stage of human/mouse erythrocytes were separated using
MACS Separators LS columns (Miltenyi Biotec K.K., Bergisch Gladbach,
Germany) [27]. Then, all erythrocytes were subjected to sample prepa-
ration for SEM.
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